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ABSTRACT 
The use of modular or 'micro' maximum power point tracking (MPPT) converters at module level in series association, com-
mercially known as "power optimizers", allows the individual adaptation of each panel to the load, solving part of the problems 
related to partial shadows and different tilt and/or orientation angles of the photovoltaic (PV) modules. This is particularly rel-
evant in building integrated PV systems. This paper presents useful behavioural analytical studies of cascade MPPT converters 
and evaluation test results of a prototype developed under a Spanish national research project. On the one hand, this work 
focuses on the development of new useful expressions which can be used to identify the behaviour of individual MPPT con-
verters applied to each module and connected in series, in a typical grid-connected PV system. On the other hand, a novel char-
acterization method of MPPT converters is developed, and experimental results of the prototype are obtained: when individual 
partial shading is applied, and they are connected in a typical grid connected PV array. Copyright © 2011 John Wiley & Sons, Ltd. 
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1. INTRODUCTION 
The performance of photovoltaic (PV) arrays is inextricably 
linked to the electrical decoupling between the interconnected 
PV modules. This can be produced by mismatch effects and/ 
or environmental factors: different irradiance, temperature, 
and dirt or shadows casted by nearby objects. Whereas the 
mismatch effects can be minimised by selecting PV modules 
with the narrowest dispersion, in the case of building inte-
grated photovoltaic (BIPV) systems, the environmental 
factors can be very significant. These factors produce a current 
decoupling in series interconnected strings, which affect the 
I-V curve of the whole PV system and thus, the maximum 
power tracking efficiency of inverters [1], increasing the power 
losses. 
Modular or 'micro' maximum power point tracking 
(MPPT) converters, commercially known as "power opti-
mizers", applied to each module allow, on the one hand, 
the individual adaptation of each panel to the load, solving 
part of the problems related to partial shadows, minimising 
dirtiness or ageing mismatching, making it possible to con-
nect PV modules with different characteristics, and reduc-
ing risks in installation and maintenance resulting from 
high DC voltage values. On the other hand, the behaviour 
of each module can be tested dynamically by means of 
communications included into the electronic device, 
through the use of a power line carrier (PLC) signal incor-
porated into the power signal, which is injected into the 
grid, facilitating the operation and maintenance of PV 
arrays. This is especially useful when a large number of 
PV modules are installed because in this situation, tedious 
procedures are required to identify whether a PV module is 
working well. To identify the PV string with problems is 
normally easy, but it is not so with the exact PV module(s) 
responsible. This is particularly serious in BIPV systems, 
where the access to PV modules can be very complex. 
Since the early 1990s, research has focused on the 
incorporation of a low-power electronic device for each 
PV module called AC modules [2,3]. The technological 
basis addresses the development of a low-power DC-AC 
converter, with the MPPT algorithm included. This way, 
the grid connection of the PV modules is carried out 
directly in alternating current, with no intermediate ele-
ments. In this paper, another option is considered: the use 
of DC-DC converters with an MPPT algorithm, connect-
ing the PV modules in direct current. These options repre-
sent what is called distributed or modular architecture, and 
they offer some advantages over traditional technologies, 
resulting in a better performance of PV systems in the 
presence of specific irregular situations. 
A great interest in the development of AC modules arose 
from its beginnings, in 1992 [4]. This interest has been the fo-
cus of German teams [5,6] (ISET University of Kassel), Dutch 
teams [2] (ECOFYS, Mastervolt), and Japanese teams [7]. A 
European-funded project, PVMIPS [8], has aimed at develop-
ing a commercial AC module at low cost (0.3 €/Wp for the 
power conditioning), and publications on this topics can be 
found in almost any country with PV activity. These advan-
tages have led to AC modules becoming a relatively good so-
lution in a complex system such as facade-integrated systems. 
However, this was not so clear in the past, mainly because of 
technical problems, namely in terms of reliability, cost, and ef-
ficiency [9,10]. Moreover, the use of multiple AC modules 
implied the duplication of protections and AC filters, leading 
to a more expensive solution [10,11]. However, some compa-
nies such as Enphase and SolarBridge are presently strongly 
betting on this technology, and they both offer 25-year war-
ranties and claim over 95% conversion efficiency. 
As a consequence, alternative solutions were investigated, 
and thus, several studies on the implementation of DC-DC 
converters in PV modules have been made in recent years. 
The results of these studies have focused on significant techni-
cal advances to improve the efficiency [12], MPPT algorithm 
strategies [13], the analysis of several topologies [11,14,15] 
and even economical aspects of DC-DC converters [16], this 
last one being one of the weakest points of this distributed ar-
chitecture because the cost of the whole PV installation is in-
creased. Nevertheless, it has been demonstrated that this 
solution turns out viable [16] in certain situations, amongst 
others: specific applications of PV systems, such as BIPV sys-
tems, with high module peak power, and with performance ra-
tio (PR) values under 0.7; that is, PV systems with high 
potential to be improved from the power losses point of view. 
Proof of this are the many products that have recently invaded 
the market, well known as "Power Optimizers", companies 
like SolarEdge, SolarMagic, SunSil, etc., some of these claim-
ing to improve power yields up to 30%. ST Microelectronics 
has recently announced a new microchip with MPPT, a DC-
DC converter and various communication options, which they 
claim will cost 10€ if produced in larger quantities: [17] this, 
applied to a 250-W module only represents a 0.04C/W 
increase. However, there is an absence in the literature of 
aspects such as behavioural models and practical test results 
in the real operation of MPPT converters in a typical grid-
connected PV system. Looking further into these aspects is 
the objective of this paper based on previous studies [18,19]. 
This paper is structured in three sections. In the Intro-
duction, a basic concept of a boost MPPT converter, 
equivalent electronic circuit, conversion ratio, and its be-
haviour under the operation of PV modules with by-pass 
diodes is explained. The section on MPPT Converters 
Concept explains the technical characteristics of the MPPT 
converter used for the evaluation test and its characteriza-
tion through a novel method; very simple to implement 
and very useful for field test measurements without power 
consumption. Finally, a behavioural analysis study and test 
results using MPPT converters connected in series and to a 
central PV inverter, as a classic string PV generator, are 
presented in the section on MPPT Prototype Characteris-
tics and It's Characterization. 
It is important to clarify that the final objective of this pa-
per is to supply an analysis method and test results that allow 
the verification of the operation of any MPPT converter at 
specific circumstances. The prototype used here was devel-
oped with the intention of serving as a tool to research the be-
haviour of all MPPT converters integrated in PV modules. 
The DC-DC converter efficiency and the different topolo-
gies analysis are out of the scope of this paper. Although 
all tests were realised using a boost converter, the analytical 
study and testing method are suitable for any topology. 
Hence, the test results are focused on analysing the behav-
iour of the prototype and comparing its maximum input 
power (before any power conversion) with the power avail-
ability of the PV array and by verifying the correct operation 
of other parameters: conversion ratio, output voltage of the 
PV system, and maximum power point location according 
to shading profile and/or partial dirt. 
2. MPPT CONVERTERS CONCEPT 
The function of the MPPT converter is to keep the working 
point of the PV generator at, or as close as possible to, the 
maximum power point (MPP) under all operating condi-
tions such as different irradiation, temperature, and load 
characteristics. 
2 .1 . Boost DC-DC converter 
Boost DC-DC converters are widely used in PV inverters 
as an interface between the PV generator and the DC-AC 
inverter. On the contrary, the prototype studied in this 
paper has been designed to operate applied to each PV 
module, with the aim of extracting its individual maximum 
power under all potential conditions. To understand the 
operation of a boost converter, its typical equivalent circuit 
is shown in Figure 1. 
Specific boost topology has the advantage of increasing 
its input voltage, which is ideal to obtain high output volt-
ages, adapting in a better way to the input voltage range of 
grid-connected PV inverters. Although other topologies 
such as buck-boost are also suitable, the boost DC-DC 
converter is explained because it was the one used for the 
test. Expression (1) shows how the output voltage is 
increased if a quick change of the current through the 
inductor occurs, which depends on the commutation rate 
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Figure 1. Electrical circuit of a boost converter. 
of the MOSFET transistor, controlled by a pulse width 
modulation (PWM) signal.1 
Vo = Vi + d-l-L at (1) 
Under ideal conditions (the efficiency is considered 
equal to one as in expression (2)), the solution of the 
circuit's equations provides the ideal conversion ratio, 
M(D), between input voltage Vb and output voltage V0, 
which in a typical boost DC-DC converter is known as 
follows: 
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Figure 2. Real conversion ratio MR(D) versus, duty cycle Dfor a 
non-ideal boost converter dependent on RJZ. 
converter by means of the relationship of its output power 
Pout5 and input power Pin, and expressions (3) and (4). 
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(2) 
where D E [0,1], represents the duty cycle of the PWM 
control signal, which is applied to the transistor: the fre-
quency is fixed, and D fixes the pulse width of the periodic 
signal. The relationship between the input current Ih 
and output current IQ, with the conversion ratio is not 
influenced by the efficiency and is known as (3): 
/ i 
(1-D) =M(D)~l (3) 
The influence of the inductor's internal resistance turns 
Equation (2) into a non-linear expression, which is repre-
sented as follows: 
MR(D) Vi 
1 
l^i 1 + RL 
M(D) (4) 
(l-D) -Z 
:
 7/CONV • M(D) 
where R^ is the inductor resistance, and Z is the impedance 
connected to the output of the converter. The converter's 
efficiency can also be determined for a non-ideal boost 
1The PWM signal is automatically changed according to the 
decisions of the internal MPPT algorithm. 
2For the sake of simplicity, the inductor is assumed as the only 
non-ideal component, and that it is equivalent to an inductor 
and a resistor in series. Furthermore, current flows through the 
inductor both in the on and the off states, so any non-ideal 
effects will be more pronounced. 
So, in the right side of expression (4), the losses of the 
converter are represented in terms of the converter's effi-
ciency, ?7CONV- Broadly speaking, 7/CONV represents not 
only the losses in the inductor, but all kinds of losses in 
the entire DC converter, including self consumption, 
switching, and conduction losses, for instance, in diode 
and the MOSFET transistor. 
To protect the electronic devices of the converter and 
limit the switching and conduction losses, it is convenient 
to limit the output voltage, at a maximum value of MR(D) 
(essentially what is limited is D3). Figure 2 shows the real 
conversion ratio MR(D), for different values4 of R\jZ for 
a non-ideal boost converter, modelled by Equation (4) 
and how the efficiency can be significantly affected with 
an increase of D owing to the switching and conduc-
tion losses. Another implication of Figure 2 is that the 
inductor winding resistance R^ limits the maximum 
voltage that the converter can produce. For example, with 
/?L/Z=0.02, it can be seen that the maximum VJVi is 
approximately 3.5. 
2.2. MPPT behaviour under operation in 
shaded photovoltaic modules with by-pass 
diodes 
The operation of MPPT converters depend not only on the 
current decoupling between them, but also on PV module's 
D is limited by software. However, and owing to non-ideality 
factors, the M(D) limit will be lower: MR(D). 
4RL/Z values have been selected by increasing RL at steps of 0, 
100, 200, and 500 mH and by fixing Z at 10Q. 
or generator's I-V curve, which is affected when any 
by-pass diode is forward biassed under circumstances such 
as dirt or shadows. These situations generate two or 
more MPPs in the I-V curve. The MPPT converter will 
work at one of the MPPs, not necessarily the absolute 
MPP. Therefore, the MPPT's behaviour is strongly influ-
enced by the I-V curve's shape, it being influenced mainly 
by two aspects: covered area and the diode activation zone. 
In this specific situation, the well functioning of the 
MPPT converter depends on the location of the absolute 
MPP. 
To understand the phenomenon, suppose one shadow 
crossing a PV module in a string, in such a way that one 
by-pass diode is forward biassed. Figure 3 shows the mea-
surement of two I-V/P-V curves. Whereas a PV cell is 
shaded less than 70% (left graph), the absolute MPP is 
the one with a higher voltage in the P-V curve, and the 
diode is in reverse bias. However, when the shaded area 
exceeds this limit (approximately 70%), the absolute 
MPP moves to the lower voltage of the PV curve, and thus, 
current decoupling disappears because the by-pass diode 
goes into forward bias; however, all of that PV module's 
power is lost. This fact provides two important and con-
trasting conclusions: according to expression (3), the 
MPPT converter integrated in a PV module works well at 
eliminating decoupled currents of less than 70%; however, 
when these values are higher than 70%, the decoupling 
current disappears, the diode is forward biassed, and the 
MPPT converter does not improve the decoupling of the 
PV module. 
3. PROTOTYPE CHARACTERISTICS 
AND IT'S CHARACTERIZATION 
This section explains the technical characteristics of the 
MPPT converter used for the evaluation test. It has 
been developed with partial funding from the Spanish 
'Ministerio de Industria' and built by TECNALIA [1,20]. 
Finally, a novel characterization method is used to test 
the prototype. 
3 .1 . Boost maximum power point tracking 
converter prototype 
The prototype consists of a boost DC-DC converter, 
which is applied directly to the PV module and incorpo-
rates an MPPT algorithm, a control unit with supervision 
and failure detection functions, and a PLC system to 
transmit the information to a supervision control unit 
(SCU). 
After a deep evaluation of the potential of DC-DC 
conversion topologies in terms of complexity, cost, and 
conversion efficiency, the boost converter (also known as 
the step-up converter) has been selected because it has 
been considered a suitable option for the BIPV applica-
tions owing to its simplicity, low cost, and higher effi-
ciency. Other topologies could be similar in terms of 
complexity and efficiency (buck converter and buck-boost) 
and even better in specific mismatched working conditions 
(e.g., buck-boost converter). A simplified electrical dia-
gram of this topology is shown in Figure 1. 
The boost converter always provides a higher output 
voltage than its input. This characteristic is especially 
convenient to achieve the voltage required by the 
inverter, when only a few PV modules are connected, 
and also allows working with lower string output currents, 
consequently reducing wiring losses (Table I). 
Choosing small sizes of capacitors, inductors, etc., 
makes the boost converter suitable to be mounted behind 
the PV panel, inside the connection box because of its 
minimum number of components and reduced space 
needed for the printed circuit board. The latest one to be 
announced only has one integrated circuit and 33 other 
electronic components, occupying only about one-fourth 
of a solar cell [17]. Figure 4 shows the aspect of the imple-
mented DC-DC converter prototype. The components of 
the DC-DC converter have been carefully selected to 
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Figure 3. Measurement results of a photovoltaic module (two series bypass diodes) with a shadow over one PV cell; on the left 50% 
and on the right 75%. 
Table I. Summary of the electrical parameters of the DC-DC 
converter. 
Parameter Working range 
Working temperature - 1 5 ° C t o + 7 0 ° C 
Inputvoltage 3 .24-40VDC 
Input current (depending on the l/PV) 0 A - 10 A 
Maximum input power 200W 
Conversion ratio M(D) 1:3 
(Input voltage: output voltage) 
Maximum output voltage 50 V 
Maximum output current 10 A 
Maximum output power 200W 
Power conversion 9 0 % - 9 5 % a t P > 1 0 0 W 
efficiency, TJCONV and M(D) < 3 
enhance their performance. Thus, both the MOSEET and 
the Schottky diode have been chosen to minimise conduc-
tion and switching losses. Additionally, the inductor and 
the capacitors have been used with low series resistance, 
or equivalent series resistance, which implies a low power 
loss in both elements. 
The MPPT algorithm finds and maintains operation at 
the MPP. Many such algorithms have been proposed in 
the literature [21,22]. However, it is difficult to find stan-
dardised comparisons or appropriate methods for deter-
mining MPPT performance, apart from the works of 
Jantsch et al. and Sanchis et ah, [23,24] where methods 
to measure the accuracy, error, and efficiency of MPPT 
algorithms have been presented. Using these guidelines, a 
wide variety of available MPPT techniques and possible 
modifications and improvements have been analysed. The 
scope of the study was limited to those algorithms thought 
to be applicable to low-cost implementations. Many algo-
rithms such as short-current, pulse-based methods, or the 
two-stage method, were not considered because of their un-
certain efficiency or clear complexity. After this first analysis, 
only two hill-climbing methods were seriously considered, 
namely: (1) the perturb and observe (P&O) method and (2) 
the incremental conductance (InCond) method. Whereas the 
former continues to be by far the most widely used method 
in commercial PV MPPT, the latter usually appears in the lit-
erature as a progress in efficiency. In fact, the incremental con-
ductance method was developed to avoid the drawbacks of the 
P&O method. 
The InCond method is based on the fact that the deriv-
ative of the output power P, with respect to the panel volt-
age V, is equal to zero at the MPP. The P-V characteristics 
show that the derivative is greater than zero to the left of 
the MPP and less than zero to the right. Appropriate equa-
tions lead to the MPP condition in terms of the PV module 
voltage V, and current /. Therefore, enough information is 
gathered to determine the relative location of the MPP by 
measuring only the incremental and instantaneous module 
conductance, dl/dV and 1/V, respectively. Herein lays a pri-
mary advantage of this method over the P&O algorithm. 
Incremental conductance can actually calculate the direc-
tion in which to perturb the operating point to reach the 
MPP. Thus, under rapidly changing conditions, it should 
not track in the wrong direction, as P&O can. Another ad-
vantage of this MPPT algorithm is that it does not oscillate 
around the MPP once it reaches MPP because it can 
determine when it has actually reached MPP. However, 
the maximum power condition is only rarely achieved 
because it is very difficult to adjust the voltage to the exact 
MPP when using a constant adjustment step width. To 
solve this problem, a small marginal error is added to the 
maximum power condition. The final implementation is a 
mixed solution: InCond method with light modifications. 
3.2. MPPT converter characterization 
method 
The typical method used to characterise DC-DC conver-
ters at laboratory level is by means of a DC power supply. 
The new method proposed presents the following advan-
tages: no power consumption, automatic trace of electrical 
curves in 10 s, useful instrumentation to measure on site, 
and two electrical characterizations at the same time (PV 
module and its MPPT converter associated). It is important 
to clarify that the objective of this method is to verify the 
correct operation of any MPPT converter, but not its effi-
ciency, which is a characteristic of its electronic design, 
which can be drastically improved during the industrializa-
tion process. 
To analyse both the behaviour and the M(D) limit of the 
MPPT converter, it is necessary to characterise their P-V 
and I-V curves. For that purpose, a capacitive load already 
developed in the IES-UPM [25] has been used to sweep the 
P-V curve of the MPPT converter, as is shown in Figure 5. 
The capacitor (0.3 F) is charged very slowly by the PV 
module through the converter, so that it provides enough 
time for the MPPT algorithm to track the MPP. A data-
logger is used to measure the input and output values of 
voltages and currents. 
The charge time TC, of the capacitor is calculated using 
expressions (3) and (4), which leads to: 
MR(D\ • c (6) 
This equation relates the maximum voltage Vm, the 
maximum current /m, of the P V module, the maximum real 
conversion ratio MR/DJMAX, and the capacitance C. 
Simulation results (using Simulink Matlab) have 
revealed that the average time used by the converter to find 
the MPP is about 100 ms (for the prototype used) and 
250 ms in the worst case. The electrical parameters of the 
PV module and MPPT converter are: Vm = 17 V, /m = 4.05A 
at standard test conditions and MR(D)MAX = 2.4. In this 
situation, the shortest charge time that can be obtained is 
Standard test conditions: reference values of in-plane irradiance 
(Gref = 1000W/m2), PV cell junctiontemperature (25°C), and air 
mass (AM = 1.5), according to EC standards. 
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Figure 4. Maximum power point tracking prototype. 
Figure 5. Block diagram to characterise the maximum power 
point tracking converter. 
approximately 7.5 s. However, the charge curve is exponen-
tial, and the sample time is constant. This means that fewer 
points are obtained during the early charging stage (with the 
most important data) and more in the final charging stage 
(with the less important data). This can be a problem if a pre-
cise measurement is required. However, at lower irradiance, 
more samples can be obtained. At 500 W/m2, 25 useful 
points in MPPT zone during 15 s of charging time have been 
obtained, which is a reasonable quantity to describe the 
curves and to validate the correct operation of the MPPT 
converter. 
The resulting I-V and P-V curves are detailed in 
Figure 6. The graph shows the working points of the 
PV module and the output curve of the PV module with 
DC-DC converter, measured simultaneously. 
The graph with the "-Q—" symbol represents the PV 
module operation points at © in Figure 5. The MPP is lo-
cated at average values of Vm^ 13.8 V and 7m^2.24A. 
The graph with the " ^ 0 ^ " symbol, represents the I-V 
curve at © in Figure 5 (PV module + DC-DC converter). 
Once the MPPT is found by the DC-DC converter, the con-
verter provides a range of voltage in which the power is 
maximum, and equal to the MPP. The constant power hy-
perbola is obtained in accordance with the voltage in-
creasing, and the current decreasing proportionally, 
maintaining the PV module at maximum power. This con-
stant power area starts from a PV module voltage of 
about 13.8 V, MR(D) = 19 until MR(D)MAX = 2.4 is reached, 
PV Module: Maximum 
Power at Constant Voltage MR(D)=2.4 
Figure 6. Boost maximum power point tracking converter 
characterization. 
at about 33 V. Having a look at the P-V curve at © in 
Figure 5 (PV module + DC-DC converter), represented by 
the graph with the "~A~" symbol, it can be observed that 
the input power becomes constant in the MPPT zone. The 
MPPT zone in the graph (highlighted in Figure 6) shows 
the correct operation of the MPPT converter, which verifies 
how it is able to maintain (±1% variation) the PV module at 
its maximum power, of about 31W at the converter input 
and 28 W at the output. The relationship between both 
power values, output, and input, is the converter efficiency. 
4. MPPT CONVERTERS IN 
PHOTOVOLTAIC ARRAYS 
The idea of integrating MPPT converters to each PV mod-
ule makes sense when they are connected in cascade, as a 
classic string PV generator, and in parallel with a PV in-
verter in a typical grid-connected PV system. 
4 . 1 . Description of the photovoltaic system 
under test 
The system under test is made up of four MPPT converters 
connected in series and all together to the PV inverter. The 
block diagram of the proposed system is shown in Figure 7, 
where the following main parameters can be identified: 
voltage V-h and current Ih of each T PV module, which cor-
responds to the input parameters of the MPPT converters; 
converter output voltage VQh and system output current 
70, are the output parameters, and irradiance G, and tem-
perature of PV modules, Tm, are the measurement (envi-
ronmental) conditions. All the currents are measured with 
calibrated shunt-resistance sensors. The PV inverter used 
is the SMA Sunny Boy 700 inverter (SMA Ibérica Tecno-
logía Solar, S.L., España), which allows selecting a con-
stant voltage at its input. Other parameters, such as its 
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Figure 7. Block diagram of the test system, made up of four maximum power point tracking converters in cascade connected to a 
photovoltaic inverter in a typical grid-connected photovoltaic system. 
input voltage range (three different voltage ranges are 
available), can be configured by the final user in an easy 
manner. 
The electrical parameters of the MPPT converters, and 
their accordance, are presented in Figure 7. On the one 
hand, the global output voltage VQ, must be always equal 
to the sum of the output voltages of the MPPT converters 
and to the input voltage of the inverter ViNv6- The inverter 
voltage is imposed in the system as the operating voltage 
and subsequently each MPPT converter is also influenced 
by this value. And, on the other hand, the output current 
I0, is the same for all the MPPT converters in the string. 
Consequently, the minimum IQ of any MPPT converter 
forces the others to work by driving this current. 
The expression of non-ideal MPPT converters, which 
relates the converter efficiency7 T/CONV, with the electrical 
parameters of the PV modules V¿ and Ih and the output 
parameters IQ and VQ, of the MPPT converter is as follows: 
L0 — y ' 'ICONV (7) 
From now on, V|NV will be used as the system's output voltage, 
equal to the sum of all converter output voltages. 
7To simplify, the same efficiency for all MPPT converters and its 
independence from input power is assumed. If this simplifica-
tion is not considered, the parameter must be changed for each 
7 MPPT converter, that is, ^CONV.I 
The yINV is imposed in the system, and consequently, it 
forces all MPPT converters to work at current IQ. Using 
Equation (3) and replacing IQ in Equation (7), two expres-
sions for the conversion ratio of each ,'i' MPPT converter 
M(D)h are obtained: 
M(D)r h 
M(D)f-
V^ INV 
E ^ i - ^ O /^CONV 
/i VlNV 1 
E ( 7 i ) Vi 7/cONV 
(8) 
(9) 
Expression (8) is used for all operating conditions. 
However, in expression (9), the current and voltage terms 
are separated with the purpose of understanding the influ-
ence of the operating condition of the PV module. To sim-
plify expression (7) and to identify the influence of the 
current decoupling between PV modules, it is assumed as 
an approximation that all PV modules have the same volt-
age V{. At uniform irradiance over the entire surface of the 
PV modules, the first term of expression (8) (ratio between 
currents) does not change with the irradiance level, thus 
M(D) is constant in all converters. However, the second 
term (ratio of voltages) depends on the V¿ parameter 
(voltage of the T PV module), which is strongly influ-
enced by cell temperature and inverter voltage Vmy. 
8According to expression (4), the conversion rate in real opera-
tion MR(D)¡ = M(D)¡.ricoNv nnust be used. 
The third term is the efficiency of the MPPT converter. 
However, in this expression, two approximations are con-
sidered: (1) the efficiency is constant and independent of 
the power, and (2) the cell temperature is the same for all 
PV modules in the string. In conclusion, to keep M(D) 
within the limits of the MPPT converters, VINV must be 
calculated carefully, and it should be analysed with 
each specific case of decoupling currents using the relation 
¡i/1,1 as the main factor. 
4.2. Analytical models to describe the 
current decoupling phenomenon in cascade 
MPPT converters 
When the current of any specific PV module connected to 
its MPPT converter is lower than the rest of the currents in 
the string, owing to shading or different tilt and orientation 
angles, the current decoupling phenomenon occurs. The 
main function of the MPPT converters applied to the 
module is to adapt its output voltage and current to isolate 
this effect. 
However, the optimum operation of MPPT conver-
ters is limited, as a result of three main parameters: 
(1) maximum and minimum conversion ratio, (2) max-
imum current decoupling between PV modules, and 
(3) the voltage imposed by the PV inverter. 
When the decoupling phenomenon is produced in 
one PV module, the output current of the associated 
MPPT converter decreases with respect to the others 
connected in series; subsequently, by Kirchhoff's circuit 
laws, they also decrease their / 0 - On the one hand, 
to keep the power stable in other MPPT converters, 
they will increase their output voltage VQ proportion-
ality, but only up to its maximum conversion ratio. 
On the other hand, the MPPT converter associated 
to the decoupled PV module must decrease its Vo 
(and therefore, increase its I0) to maintain the input 
voltage imposed by the PV inverter, but only down to 
the absolute minimum conversion ratio, M(D)MW = 1. 
In essence, what occurs is that the M(D) of the 
decoupled module decreases, and the M(D) of the 
non-decoupled modules increases. All of it, of course, 
between M(D) limits and always respecting the voltage 
imposed by the inverter. In both cases, if any MPPT 
converter is out of M(D) limits, it will imply a power 
loss in the system. 
With this analysis, the condition of the maximum con-
version ratio,MfOjMAX and minimum conversion ratio M 
(D)MJN, which occur in any particular situation in a PV sys-
tem with MPPT converters, can be extracted from 
expression (8), resulting in the following expressions: 
9These are not the absolute limits of the system, but those that 
occur in a certain situation. 
M ( g W
^ . E ( i - ^ . ) . , C 0 N V ( 1 0 ) 
i 
» w rv* ( 1 — DECMAX) • VlNV , , , . 
tf(OW =
 v - E ( i - ^ c , ) . w (11) 
i 
DEC, = l-—^m (12) 
max(/j 
Where DECi represents the decoupling current ratio 
for each PV module T in comparison with the maximum 
current in the string, DECMAX being the maximum 
decoupling in the string and V corresponds to the operating 
voltage of the PV modules, assumed equal. In practice, 
M(D)MIN is the value that corresponds to the MPPT 
converter applied to the PV module strongly affected by sha-
dows or other current decoupling effects. On the contrary, 
M(D)MAX corresponds to those less affected modules. 
4.3. Determining the optimum input voltage 
of a grid-connected photovoltaic inverter 
4.3.1. General expression in terms of 
decoupling currents. 
The PV inverter should be configured in constant voltage 
mode, which means setting off its MPPT function. The 
inverter used allows the choice between constant voltage 
mode and MPPT mode. 
A simplified form for calculating VINV c a n be used by 
simplifying Equations (10) and (11), where all shaded PV 
modules are considered with the same amount of shade, 
and the rest are non-shaded, and where the absolute values 
forM(D) are used. This study should be carried out for the 
worst case scenario, for example, the exact moment of 
the year when most shade occurs. As a consequence, the 
following two expressions for VINV are obtained: 
VINV = V-MR(D)MAX • (JVSM(1 - DEC) + (NM - NSM)) 
(12) 
V M ^ - M ^ D U Nsu(l-DEC) 
(13) 
where NM is the quantity of MPPT converters in the string; 
NSM is the number of shaded modules in the string; V'-INV 
in (12) represents the PV inverter voltage when the non-
affected converters reach M R (D) M A X ; V ' I N V m (13) 
Maximum decoupling means maximum differences between 
currents in a specific case. The absolute maximum DEC value is 
one, and the equivalent minimum is zero (no decoupled current). 
n A s an approximation, the same M(D) value of the non-affected 
MPPT converters is assumed. In real measurements, differ-
ences between them lower than 5% have been confirmed. 
Maximum allowed decoupling in one 
PV module as a function of VINV 
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Figure 8. Example graph which relates the optimum V|NV and 
maximum current decoupling DEC, in a system made up of four 
maximum power point tracking converters in cascade. 
ratio of shaded to non-shaded modules is too large, that 
is, six out of 10, the optimum VINV would be so small, 
144 V in our case, and that it would not permit a correct 
functioning of the system in non-shaded conditions: 
because M(D)Mm is one, the minimum voltage is 150 V. 
4.3.2. Considering different tilt and 
orientation angles. 
Different tilts and orientation angles are a typical case of 
BIPV, where architectural integration plays an important 
role in the PV system. The former expressions are focused 
on the current decoupling of one PV module in the string. 
In the case of different inclinations and orientations, the 
decoupling term must be changed by the irradiance level13 
on different surfaces, and where all PV modules in the string 
are considered. 
represents the PV inverter voltage for the specific 
decoupled PV module whose connected converter 
reaches MR(D)Mm. The MR(D) value has been considered 
as a measured value; according to the analysis of expres-
sion (4), the converter efficiency is already included in 
expressions (12) and (13). 
Figure 8 shows the relationship between optimal VINV 
and DEC, using (12) and (13) for the specific system used 
in the test and considering only one shaded module. 
The characteristic values are: M R (D) M A X = 2.4, V = 1 5 V 
(maximum voltage at Tc = 50 °C) and / = 4.05A (maximum 
current at 1000 W/m2). The graph shows that the optimal 
V1NY is about 105 V, for four MPPT PV modules. At this 
voltage, the non-affected converters will not reach M(D) 
M A X / 2 even if 100% current decoupling occurs. On the 
other hand, the affected converter's maximum decoupling 
can be up to 50% without reaching M(D)Mm, avoiding 
the additional losses because of M(D) limits. 
The idea is to guarantee that the majority of modules, 
the non-affected ones, do not suffer power losses because 
of M(D) limits. One could think that the optimum value 
of y I N V is 123 V, where both curves meet, and a current 
decoupling of almost 60% can occur without any converter 
reaching M(D) limits. However, this small gain in maxi-
mum decoupling 10%, is negligible compared with the 
detrimental effect, for the non-affected modules, if higher 
decoupling values occur. Therefore, higher values for VINV 
are not recommended. When DEC is maximum, expres-
sion (12) can be simplified to Equation (14), which pro-
vides an easier expression to calculate Vmy, assuring that 
100% decoupling can occur in one module without it 
affecting the rest of the modules: 
V, INV : V-(NM-NMS)-MR(D) MAX (14) 
It is important to note that there is a limit to the number 
of modules that can be fully shaded in the system. If the 
M(D)¡ Vim 1 
With, 
and 
IMAXY,(1 ~ Deed) V 
^CONV 
Y^Ii=IMAK'Y^1-DecGi) 
DecGi = 1 
Gj 
GMAX 
(15) 
(16) 
(17) 
Where G{ is the irradiance for a specific situation T of tilt 
and orientation G M A X is the maximum irradiance situation 
in the string, and DecG¿ is the decoupling irradiance ratio 
for each PV module. 
Therefore the maximum conversion ratio M(D)M A X , 
takes place when lis maximum and Vis minimum, that is: 
'MAX ^INV 1 
M{D)MAX
 7 M A X E ( 1 - DecGi) ' VMlN ' r/C0NV 
1 VINV 1 (18) 
J2(l~ DecGi) VMIN T/CONV 
And the voltage of the inverter is: 
VINV = M(D)MAX • ^ ( 1 - Deed) • VMm • VCONV (19) 
Generally speaking, in BIPV, there are several PV mod-
ules with the same tilt and orientation (same T situation), 
therefore, in expression (19), the Ni parameter can be 
added, which represents the amount of PV modules with 
the same T conditions. Consequently, expression (19) 
can be expressed as (20): 
VINV = M(D)MAX • ^ V ¿ - ( 1 ~ ^ G ¿ ) - V M I N ^ C O N V (2°) 
12lt is the same as saying MR(D), also for M(D)MlM and for 
Figure 8. 13lrradiance ratio is equivalent to current ratio. 
The output current of the MPPT converters in the string 
T j / J^i • ri 
hi =10= —Tr 7/CONV ( 2 1 ) 
v I^NV 
And the output voltage of each MPPT converter is 
y o i = y- • 7/CONV 
w 
(22) 
4.4. Behaviour of MPPT converters using a 
progressive shadow profile 
The objective of this test is to analyse the behaviour of 
MPPT converters, when one PV module is covered by a 
progressive shadow profile on its surface, as shown in 
Figure 9. It permits to analyse how MPPT converters 
work in practice: on the one hand, to understand the track-
ing of the MPP (potential variations of the MPPT 
algorithm), and on the other hand, to identify the conver-
sion ratio limits. 
Table II shows the test measurement results. The PV 
module of the ' MPPT_1' converter has been selected for 
the shading test. Three parts are identified in the table; 
the first one is the percentage of covered area located 
over each by-pass diode zone (Dl and D2 zones) and the 
measurement conditions, irradiance and temperature; the 
second one is the output electrical parameters of the entire 
PV system; and the third one is the input and output 
electrical parameters of each MPPT converter. 
Progressive shading up to 60% on the Dl zone: input 
voltage of the MPPT_1 is in the upper voltage of its P-V 
curve, and the decoupling current ratio is proportional to 
the shading level. Its output voltage decreases as well as 
its MR(D)14, whereas other MPPT converters increase their 
output voltage and their MR(D). 
Progressive shading from 60 to 100% on the Dl zone: 
the bypass diode is in forward bias, and therefore, the 
MPP moves to the lowest voltage of the P-V curve and 
the current returns to 'no current decoupling' condition. 
In this situation, the MPPT converter cannot improve the 
decoupling of the PV modules. 
Shading at 100% on the Dl zone and progressive shad-
ing up to 100% on the D2 zone: this condition shows a 
clear decoupling current of the PV module, which is pro-
portional to the shading level. MR(D) of the MPPT_1 
decreases quickly whereas others increase. The critical 
moment takes place when the power of the PV module is 
so low that it cannot supply energy to the electronic cir-
cuits of the MPPT_1 converter, and thus, it is switched 
off. At this moment, other converters move to the 
Figure 9. Shadow profile moving over the surface of photovoltaic 
module. 
maximum conversion ratio of 2.3. With this result, the 
optimum input voltage of a grid-connected PV inverter 
(section on Determining the Optimum Input Voltage of a 
Grid-connected PV Inverter) can be verified. 
As a practical exercise, these test results can be compared 
with the expressions exposed in the section on Analytical 
Models to Describe the Current Decoupling Phenomenon 
in Cascade MPPT Converters. In Table n, each row is a 
point of operation of the PV system at the voltage fixed by 
the PV inverter. First, it is necessary to calculate the output 
current of total system I0, by using expression (6). The con-
verter's efficiency can be extracted from its characterization 
(section on MPPT Converter Characterization Method), 
which is considered constant for all converters at 88%. For 
instance, for the row that corresponds to 30% of shadow 
on Dl, the output current is calculated as 
T _E(V»--Ii) _204W [
°~ vINV ^w-iosv* 
3%=1.7A 
The maximum and minimum conversion ratios can 
be also obtained by using expression (9) and MR(D) 
with (4), 
MR(D)MAX = ^(¿OMAXTICONV 
VlNV 
/MAX — '"V^MAX'ICOJNV ~ y .^p (i ._ DEC) 
1.88 
u*v(Wi) 
And the minimum conversion ratio is calculated as 
follows, 
CONV 
(l-DEQ MAX; nw 
V'ZV-DEQ) 
(ÜD105V 
15.4V( 12.95A 3.58A 
1.23 
^
4Mfí(D) is represented here because they are real measure-
ments, although the same occurs with M(D). 
Also, the MR(D)i of each individual MPPT converter 
can be obtained by using the expression (7). It can be 
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seen that the theoretical results coincide pretty well 
with the practical ones. 
4.5. Reaching the input power maximisation 
using MPPT strategy under punctual shading 
In this chapter, the methods and expressions previously ex-
posed have been considered to configure the PV system 
under test. 
The objective of this test is to study the specific situa-
tions, where it is possible to extract the maximum power 
of a PV generator in a typical grid connected PV system, 
where specific localised shadow conditions have been im-
posed by using MPPT converters. To evaluate the MPPT 
strategy, the input power PMPPT of the MPPT converters 
has been compared with the power available in the PV gen-
erator Pa (absolute MPP fixed by a hypothetic PV inverter) 
by measuring its I-V curve using a capacitive load [24], 
which has been also used for the characterization of MPPT 
converters. For convention in this analysis, the power ratio 
between both systems is called the 'ideal improvement 
factor' of the MPPT strategy Fh which is calculated as 
follows: 
Taking for granted that shading situations on the PV 
generators are unlimited, specific situations in accordance 
with the analysis studied in the section on Behaviour of 
MPPT Converters using a Progressive Shadow Profile 
have been considered. The following five types of local 
shading over each by-pass diode's influence zone, have 
been considered: 
(i) One PV module with one cell partially shaded in 
the range of 25 and 75% on the same by-pass 
diode's influence zone, 
(ii) Two PV modules partially shaded on the same 
by-pass diode's influence zone, 
(iii) Partial and total shading in the same PV module in 
both by-pass diodes' influence zones. 
(iv) Combined partial and total shading in two modules 
in both by-pass diodes' influences zones. 
(v) Partial shading in all the PV modules. 
Several parameters can be identified by columns: mea-
surement conditions; shading percentage on each by-pass 
diode's influence zone (Dl or D2) of each PV module 
'Mj', which is associated with its respective number of 
'MPPTi' converter; the measured electrical parameters of 
the PV generator curve; the input electrical parameters 
and the improvement factor Fi, and the output voltage 
and conversion ratio of each MPPT converter. 
The first case is shown in the first five rows of Table III, 
where shading on Ml is increased from 0 to 75% on the 
by-pass diode's zone 1, ' Dl ' . The Fist row is the case 
where no shading occurs, and the power benefit only 
depends on the mismatch between modules. The mismatch 
between modules in the system analysed is 3%. F\ values 
up to 11% are reached at 40% shading, and MR(D)MIN 
(equal to one) is reached at 60% shading. 
In the following five rows, the second case is shown: 
PV modules Ml and M2 are partially shaded. An improve-
ment factor F¡ of 24% is obtained, at 40% and 50% shad-
ing over one cell, on the Dl and D2 zones respectively. 
MR(D)MAX (equal to 2.5) is reached at 70% of shading. 
In the third case, Fi values of 21% and 16% are 
obtained, at 40% and 50% shading over one cell in one 
of the diodes' influence zone, having the second zone a 
totally covered cell. 
The fourth case combines partial and total shading in 
both by-pass diodes' influence zones, in modules Ml and 
M2. For this case, some of the highest improvement factors 
of the entire test are reached, at around 18%, 28% and 30%. 
In the final case, partial shading on all of the PV modules 
is tested. Two measurements were taken: small at around 
25% and medium shading at around 40%. In the first one, 
an Fi value of 10% was reached, and in the second one, 20%. 
According to this analysis, the following main conclu-
sions, in terms of the improvement factor, from the use 
of MPPT converters are drawn: 
(i) Up to 15% Fi is reached when one solar cell is 
covered by shadow or dirt in the range of 25% to 
60%, and it is applied in several by-pass diode zones. 
(ii) Between 20% and 30% (maximum value reached 
in these tests) F¡ is reached when each one out of 
several PV modules is shaded, totally and partially, 
in the range of 35% to 60%. 
(iii) Up to 3% Fi is reached in other cases, especially 
associated with the reduction of the mismatch ef-
fect of the PV modules. 
Clear power improvement factors have been observed for 
specific situations of partial shading or dirt with areas smal-
ler than the solar cell. This shading profile could correspond 
to obstacles such as poles or antennas, which shade various 
modules in the system, without totally shading any cell or 
module. These results are comparable with those obtained 
in other publications [25,26], which categorise poles as 
one of the best mitigated shadows by MPPT converters. 
However, to conclude whether the system is profitable or 
not, further energetic and more complex and economical 
analysis must be carried out. Some of the commercial firms 
offering these products claim up to 25% additional energy 
harvests; however, this is difficult to imagine considering 
converter efficiency, non-static shading, shading at non-peak 
irradiance hours, etc., and more critical views [27] claim 
that, with a 21% power increase, which is similar to the ones 
observed, only a 1% annual energy gain will be obtained. 
Proposed distributed conditioning system is mainly 
intended to be applied to heterogeneous PV systems, which 
mainly corresponds to BIPV systems. Most of the losses in 
buildings correspond to the lack of availability of PV inver-
ters, shadows, and lack of uniformity in the PV modules 
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working conditions (differences in temperature between 
upper and lower modules in a ventilated facade or curtain 
wall), reflectance from the nearest buildings, different de-
gree of dust depending on the location of the modules, etc. 
All of these improvement factors depend greatly on the 
effect of shading on PV cells and the mismatch between 
them, which at the same time depends on their reverse 
characteristics. Simulation models and experimental stud-
ies have been conducted [28,29], and these, combined with 
the analytical models here presented, could serve as the 
base for a simulation model of the behaviour of PV genera-
tors with MPPT converters under shaded conditions. 
It is important to note that, the low efficiency of the 
MPPT converter used in the tests, and all of the improve-
ment factors presented are at the input of the converter; this 
considered as the ideal improvement factor, F¡. To obtain 
the real improvement factor, F¡ must be multiplied by 
the converter efficiency, which in the prototype used is 
approximately 90%. With such a low efficiency, MPPT 
converters will never be energetically profitable. However, 
in the market, there are commercial options such as 
SolarMagic or SolarEdge, with maximum conversion effi-
ciencies of up to 99.5% [30], this occurring when no shade 
is present and the converter acting only as a bypass. 
5. CONCLUSIONS 
Distributed architectures are an alternative to central or 
string inverter-based topologies. The analytical models 
set out in this paper provide useful information on the 
behaviour of cascade MPPT converters. A novel character-
ization method allows to verify on site, and at the same 
time; the PV module and its MPPT converter associated. 
In summary, the performance of the MPPT converter 
strongly depends on three main factors: (1) maximum con-
version ratio at maximum decoupling current criteria; (2) 
by-pass diode effects on the PV module; and (3) input volt-
age imposed by the grid-connected PV inverter. This last 
value is necessary to extract the maximum power available 
in the PV system. The paper also provides a useful tool to 
simulate numerous PV systems' topologies and environ-
mental conditions. 
The progressive shadow profile test provides important 
information on the tracking of the MPP and the conversion 
ratio limits. Normally, if shading covers any PV cell over 
70%, the decoupled current of the PV module disappears 
because of the by-pass diodes, and as a consequence, the 
associated MPPT converter does not provide a power 
improvement in the PV system. If shading covers more 
than one PV cell and all the by-pass diode's zones, the 
decoupling current phenomenon takes place and the MPPT 
converter fixes the decoupled current in the string. As a 
consequence, a power improvement factor occurs. Finally, 
a suitable estimation of the P V inverter voltage protects all 
MPPT converters from the total decoupling current of any 
(or more) PV module(s). 
Under located shading circumstances, test results have 
provided important information about the correlation be-
tween punctual shading levels and the power improvement 
factor Fh where the input power of the MPPT converters 
has been compared with the power available in the PV 
generator. The main conclusions are as following: 
(i) Up to a 15% Fi is reached when one solar cell is 
covered by a shadow, dirt, or other object in the 
range of 25% to 60% and applied in several by-pass 
diode zones, 
(ii) An Fi higher than 20% and less than 30% (maxi-
mum reached in these tests) is reached when, in 
each one of several PV modules, total and partial 
shading in the range of 35% to 60% are combined. 
A power improvement has been reached for specific situa-
tions of partial shading or dirt with areas smaller than a solar 
cell. However, to conclude whether the system is profitable or 
not, further energetic and more complex economical analysis 
must be carried out. Apart from the possible energy improve-
ments, other factors should be considered, such as the possi-
ble reduction in reliability by adding new components or 
the added value of a module level monitoring system. 
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